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A reward increases running-wheel performance without
changing cell proliferation, neuronal differentiation or cell death
in the dentate gyrus of C57BL/6 mice
Abstract
Exercise is one of the best-known stimulators of adult hippocampal neurogenesis, but it is not known if
voluntary changes in the intensity of exercise are accompanied by changes in neurogenesis. In this study
we investigated whether a reward influences the performance in a running wheel and the rate of cell
proliferation, neuronal differentiation and cell death in C57BL/6 mice. Mice had free access to a running
wheel during the first week of the experiment. In the second week, animals were rewarded for their
performance and compared to normal voluntary running and control mice. A reward significantly
increased the performance by 78% when compared to the non-rewarded performance of the first week.
The performance of the non-rewarded runners remained relatively constant. Fourteen days of exercise
significantly increased cell proliferation by 27% and the number of doublecortin immunoreactive cells
by 46%. A reward and the associated increase of performance did not modulate proliferation, cell death
or the number of cells entering the neuronal lineage. We suggest that, in C57BL/6 mice, either exercise
increases adult hippocampal neurogenesis to a ceiling value, which is reached by a performance at or
below the level achieved by voluntary wheel running, or that a possible positive effect of increased
running-wheel activity is balanced by stress resulting from rewarded running, which is no longer
performed on a strictly voluntary basis.
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2ABSTRACT
Exercise is one of the best known stimulators of adult hippocampal neurogenesis, but it 
is not known if voluntary changes in the intensity of exercise are accompanied by 
changes in neurogenesis. In this study we investigated whether a reward influences the 
performance in a running wheel and the rate of cell proliferation, neuronal differentiation 
and cell death in C57BL/6 mice. Mice had free access to a running wheel during the first 
week of the experiment. In the second week, animals were rewarded for their 
performance and compared to normal voluntary running and control mice. A reward 
significantly increased the performance by 78% when compared to the non-rewarded 
performance of the first week. The performance of the non-rewarded runners remained 
relatively constant. Fourteen days of exercise significantly increased cell proliferation by 
27% and the number of doublecortin immunoreactive cells by 46%. A reward and the 
associated increase of performance did not modulate proliferation, cell death or the 
number of cells entering the neuronal lineage. We suggest that, in C57BL/6 mice, either 
exercise increases adult hippocampal neurogenesis to a ceiling value, which is reached 
by a performance at or below the level achieved by voluntary wheel running, or that a 
possible positive effect of increased is balanced by stress resulting from rewarded 
running, which is no longer performed on a strictly voluntary basis.
Keywords:
adult neurogenesis, cell proliferation, exercise, hippocampus, optical fractionator, 
pyknotic cells
3INTRODUCTION
The dentate gyrus of the hippocampus is one of the few adult brain regions where 
proliferating cells differentiate into young neurons [1, 2], which integrate anatomically 
and physiologically into the hippocampal neuronal network [3-6]. Changes in the extent 
of adult hippocampal neurogenesis are associated with changes in the performance of 
animals in hippocampus-dependent behavioral tasks [7-11], and a recent study of 
conditional TLX knockout mice, a gene expressed by adult neural stem cells, suggest a 
causal link between the performance in specific aspects of behavioral tasks and 
neurogenesis [12]. Voluntary physical exercise is a consistent and strong modulator of 
adult hippocampal neurogenesis. Voluntary exercise up-regulates both cell proliferation 
and neurogenesis [7, 13-15]. Exceeding a threshold is required to find neurogenesis 
rates significantly different from control animals [16]. In addition, running improves 
cognitive [17] and spatial learning abilities [13, 14], has antidepressant [18] and 
anxiolytic effects [19, 20] and positively stimulates the reward pathways in a way similar 
to drug abuse [21]. Chronic anxiolytic treatment with antidepressant drugs has been 
shown to increase neurogenesis [22, 23]. An exercise induced increase in IGF-I-entry 
into the brain seems to play a role in both anxiolytic behaviour and in an increase of 
neurogenesis [24]. The correlation between neurogenesis and antidepressant effects 
suggests that the stimulation of reward pathways may directly interact with 
neurogenesis. 
In the experiments presented here, we increased the motivation of mice to run by 
rewarding their performance.  Markers for cell proliferation, neuronal differentiation and 
cell death were investigated in relation to running performance to address the question if 
4an increase in wheel running performance alters these aspects of adult hippocampal 
neurogenesis. Proliferating cells were immunocytochemically stained for endogenous 
Ki67 nucleoprotein, which is expressed during the cell cycle [25]. To show newly 
generated cells of neuronal lineage, we used an antibody against Doublecortin (DCX), a 
microtubule-associated protein expressed during the migration of neurons and the 
growth of their neurites [26-28]. Pyknotic cells were used as indicators of neuronal death 
[29, 30].
5MATERIALS AND METHODS
Exercise
48 twelve week old female C57Bl/6 mice (Labortierkunde, Füllinsdorf Switzerland) were 
habituated for one week to an inverted light-dark cycle (7am: onset of light phase; 7pm: 
onset of dark phase), to which they were accustomed 7 days before the start of the 
experiment. Thereafter, all animals were housed individually in either standard cages 
containing a running wheel (n=24) or standard cages (n=24) (controls). Before the 
beginning of the experiment, mice had one day to acclimatize to their new environment. 
All running animals had free access to the wheel (Ø 14cm) during the experimental 
period of two weeks. In the second week of the experiment, half of the running animals 
continued voluntary running (non-rewarded runners, n=12). For the remaining animals,
a controller (AMS Software & Electronic GmbH, Flensburg, Germany) was connected to 
a feeding system delivering a small amount of chocolate (about 0.03g per reward) for a 
predetermined number of wheel-revolutions (rewarded runners, n=12). The number of 
revolutions for a reward was set to 500 at the first day and increased to 1000 during the 
remainder of the second week. The controller also recorded the total number of 
revolutions and the number over 24 hours in one hour bins for each animal of the 
rewarded and non-rewarded running groups. The average amount of chocolate the mice 
received during the first rewarded day (day 8) was 0.75g (range: 0.5 – 1g). On the 
following days the average daily amount of chocolate was 0.78g (range: 0.48 – 1.08g). 
Even though the milligram amounts appear quite small the average dispensed amount 
would correspond to ~2 kg of chocolate for a mouse of human body weight.
6To control for effects of the chocolate reward on neurogenesis, 12 of the control animals 
were given an amount of chocolate (rewarded controls) corresponding to ~10 rewards 
of the rewarded running group.
Mice were kept in an isolated room at 22°C without any disturbance, except to read the 
controllers once a day and at the same time to replenish water and normal mouse chow. 
Cages were placed at a minimum distance of 20 cm from each other. All groups were 
treated identically.
Histology
Of each group, 6 animals were randomly selected for further histological processing. 
Animals were anesthetized during their active phase with Pentobarbital (50 mg/kg) and 
perfused transcardially with cold phosphate buffered saline (PBS), followed by 0.6% 
sodium sulphide solution in PB and cold 4% paraformaldehyde with 15% saturated picric 
acid (PFA). After the removal of the brains, hemispheres were separated, postfixed in 
4% PFA for 12 hours and cryoprotected in 30% sucrose. The right hemispheres were 
cut into 40 µm sagittal sections and stored at -20°C in a cryoprotectant until further 
processing. 
Immunocytochemistry
For Ki67 epitope retrieval, free floating sections were incubated for 40 minutes at 90°C 
in citric buffer (pH 6; Dako REAL, Target Retrieval Solution S2031, Dako, Glostrup, 
Denmark), followed by a 30 min incubation at room temperature (RT) in 0.6% H2O2 in 
Tris-saline buffer (TBS)-Triton (0.05% Triton X-100 in TBS, pH 7.4) to block endogenous 
peroxidases. For DCX immunostaining, free floating sections were first incubated in the
7endogenous peroxidase reagent (see above). Subsequently all sections were 
preincubated in 2% serum (normal goat serum for Ki67 and normal rabbit serum for 
DCX) with 0.1% bovine serum albumin and 0.25% Triton in TBS, for 60 min at RT. 
Thereafter, sections were incubated overnight with Ki67 antibody (polyclonal rabbit NCL-
Ki67p, Novocastra, 1:5000, in preincubation solution) and DCX antibody (polyclonal goat 
IgG, Santa Cruz Biotechnology, 1:1000 in preincubation solution) at 4°C. Incubation with 
the secondary antibodies was followed by avidin-biotin-complex (Vecastain Elite ABC 
Kit, Vector Laboratories, Burlingame, CA) and staining with diaminobenzidine. Between 
all incubations, rinses were made with TBS-Triton until the incubation with the primary 
antibody, thereafter with TBS only. Sections were mounted on slides and dried for one 
day at RT. DCX-stained sections were counterstained with haematoxylin for 10 minutes. 
All sections were dehydrated in alcohol, cleared with xylol and mounted with Eukitt.
Giemsa staining
Giemsa staining was performed following the protocol of Iniguez [31]. Sections were 
mounted on slides and dried over night at RT.  Slides were incubated for 10 minutes at 
60 °C in Giemsa staining solution (Giemsa stock solution 1.09204.0500, Merck, 
Darmstadt, Germany, diluted 1:10 in buffer (67 mmol KH2PO4)), rinsed in buffer for 90 
seconds, differentiated in 3 x 99% alcohol, cleared in xylol and mounted with Eukitt. 
Incubation at 60°C and good differentiation of the staining in buffer and alcohol were
crucial for the identification of pyknotic cells in our material.
8Cell counts
Proliferating cells. Ki67-positive cells (Fig. 1A) were counted in every fifth section 
using a 63x oil-immersion lens with a numerical aperture (N.A.) of 1.25.  Positive cells in 
the top focal plane were not counted. The total number of Ki67-positive cells was 
calculated by multiplying the count with section sampling interval of five.
Cells of neuronal lineage. The total number of DCX-positive cells (Fig. 1B) was 
estimated in every fifth section using the optical fractionator [32] with Stereoinvestigator 
software (MBF Bioscience Inc., Williston, USA) and a 100x oil-immersion lens (N.A. 
1.30). The optical fractionator principle allows the estimation of cell numbers without 
biases related to cell size, shape or distribution. In addition, estimates are unaffected by 
shrinkage before, during and after the processing of the tissue. 
Cells were counted using an unbiased counting frame sized 30x30 µm and an x-y step 
size between sampling locations of 125 µm. The number of newly generated neurons 
(N) was calculated using the formula 
N = ΣQ- x (t/h) x (1/asf) x 1/ssf.
(Q- = total number of cells counted, t = section thickness, h = height of optical disector, 
asf = area of sampling fraction = a(frame)/a(x,y step) and ssf = section sampling 
fraction)
Pyknotic cells. Pyknotic cells (Fig. 1C) were identified by their strongly stained 
nuclei, in which the chromatin formed either peripheral condensations or single to 
multiple darkly stained bodies [29, 30]. Cells were counted using a 40x oil-immersion 
lens (N.A. 1.30) on every tenth section. Pyknotic cells in the top focal plane were not 
counted. Total number was obtained by multiplying the count with section sampling 
interval of ten. 
9Statistics
Total numbers of Ki67-, DCX- positive and pyknotic cells of the groups were compared 
with factorial analysis of variance (ANOVA) and Fisher’s posthoc comparison with the 
significance level at 5%. Correlations between cell proliferation and neurogenesis and 
between cell proliferation or neurogenesis and individual exercise performance were 
tested using paired two-group non-parametric Spearman rank correlations. Differences 
in the running performance over time and within groups were evaluated using a 
repeated measures ANOVA (GLE) for both daily and weekly performances of the 
groups.
Statistical analyses were performed with SPSS software (version 17). The presentation 
of the statistical outcomes follows the Guidelines for reporting statistics in journals 
published by the American Physiological Society [33].
The precision of cell number estimates was calculated using the approach of Gundersen 
and Jensen [34, 35] using a smoothness factor of 0 [36].
The brightness and contrast of microphotographs were adjusted to resemble the 
appearance of the sections under the microscope. No local changes were made to the 
images.
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RESULTS
A reward significantly increased running-wheel performance
Performance data are listed in Table 1. When performances of the second week were 
standardized by the individual performance of the first week, rewarded runners ran 
significantly more in the second week than non-rewarded runners (F(1,22)=7.11, p=0.014; 
Fig. 2; Tab. 1). The mean individual increase relative to the first week of the rewarded 
runners was 78% (t(11)=2.94, p=0.013), whereas the controls showed a smaller but 
significant increase of 7% (t(11)=3.03, p=0.012).
The absolute data show no difference between the two running groups within the first 
experimental week (F(1,22)=1.05, p=0.317), whereas a significant difference could again 
be detected in the second week of the experiment (F(1,22)=5.33, p=0.031; Fig. 3). The 
mean individual performances of the first week varied considerably, ranging from 5’000 
to 30’000 revolutions per day (or 2.2 to 13.2 km per day). The mean performance was 
~18’000 revolutions (7.9 km). In the second week of the experiment, performances 
ranged from 12’000 to 36’000 revolutions (5.3 to 15.8 km). Within-group-effects for the 
weekly performance show a strong interaction between reward and weekly performance 
(F(1,22)=17.1, p<0.001), and, consequently, an expected strong effect of week 
(F(1,22)=32.2, p<0.001). The average running levels of the second week were ~ 21’000 
revolutions (9.20 km) for the non-rewarded runners and ~ 26’000 (11.40 km) revolutions 
for the rewarded runners (Tab. 1). The absolute increase in the performance of the 
rewarded runners is smaller than the relative increase due to the fact that the animal 
with the highest performance in the first week (13.2 km per day) did show a slight 
decrease in the second, rewarded week of the experiment. Without this animal, the 
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mean individual increase of the rewarded runners would have been 85%, and the 
distance run would have increased from a group mean of  6.9 km per day in the first
week to 11.3 km in the second, rewarded week.
Within-group-effects for the daily performance showed no interactions between the 
running groups in the first, non-rewarded week of the experiment. Interactions between 
reward and daily performance were, as should be expected, found at day 8, the first 
rewarded day, and, with the exception of days 10 and 14 also on the other days of the 
second, rewarded week of the experiment (day 8, F(1,22)=24.3, p< 0.001; day 9, 
F(1,22)=8.39, p=0.008; day 10, F(1,22)=1.98, p=0.173; day 11, F(1,22)= 10.2, p=0.004; day 
12, F(1,22)=6.84, p=0.016; day 13, F(1,22)=16.6, p=0.001; day 14, F(1,22)=2.12, p=0.160; 
Fig. 3). Within the rewarded running group an increase of performance could be 
observed on day eight of the experiment (t(11)=-4.19, p=0.002), i.e. the first day of 
rewarded running, whereas the non-rewarded runners showed a slight and marginally 
significant decrease in the average performance compared to the day before (t(11)=2.17, 
p=0.053; Fig. 3). 
Individual running activity varied from 7 to 11 hours per day (hours with more than 500 
wheel revolutions). During this active phase the hourly individual performance remained 
relatively constant. A slight decline of activity was observed in all animals between 11.00 
h and 12.00 h. This was the time when controllers were read.
Running (F(1,44)=0.997, p=0.323) or the reward alone (F(1,44)=0.339, p=0.563) had no
influence on the body weight of the animals. 
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Running, rewarded running and neurogenesis
Comparing rewarded and non-rewarded runners, no differences in Ki67 (4%, 
F(1,23)=1.20, p=0.286), DCX (-5%, F(1,23)=0.10, p=0.754) and pyknotic cells (-8%, 
F(1,23)=0.48, p=0.347) were detected (Fig. 1F,G,J,K; Fig. 4). Also the two control groups 
(rewarded and non-rewarded control animals) did not differ in the corresponding number 
estimates (Fig. 1D,E,H,I.; Fig. 4).
Both running groups (rewarded and non-rewarded runners) displayed significantly more 
DCX- (46%, F(1,23)=55.2, p<0.001) and Ki67 (27%, F(1,23)=17.5, p=0.001) positive cells in 
the subgranular zone than the control groups (Fig. 1D-K; Fig. 4A,B; Tab. 1). The number 
of pyknotic cells in running animals did not differ from control groups (6%, F(1,23)=0.76,
p=0.394; Fig. 4C; Tab. 1). When Ki67, DCX and pyknotic cell numbers were 
standardized to percentages of the mean values of the control animals, the running-
induced increase in the number of DCX-positive cells was significantly higher than the 
increase in the number of Ki67-positive cells (t(11)=3.06, p=0.010). Both standardized 
DCX (t(11)=4.67, p=0.001) and Ki67 (t(11)=2.61, p=0.024) values were significantly larger 
than the standardized value of pyknotic cells. 
We found strong positive correlations between the number of Ki67- and DCX-positive 
cells (rs=0.874, p<0.001) (Fig. 5A) and also between the number of either Ki67-
(rs=0.516, p=0.013) or DCX-positive cells (rs=0.644, p=0.002) and the number of 
pyknotic cells (Fig. 5B,C). 
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No correlations between performance and proliferation, neurogenesis or cell 
death
The numbers of Ki67 immunoreactive cells (rs=0.306, p=0.310), DCX immunoreactive 
cells (rs=0.399, p=0.186) and pyknotic cells (rs=0.161, p= 0.594) did not correlate 
significantly with the individual total performance of mice (Fig. 6A-C).
The three parameters also did not correlate with the absolute increase in performance
(Ki67: rs=-0.044, p=0.885), DCX: rs=-0.077, p=0.800, apoptosis: rs=-0.182, p=0.500; 
running performance week 2 minus running performance week 1) or the relative 
increase in the second week of the experiment (Ki67: rs=0.159, p=0.600, DCX: rs=0.280, 
p=0.354, apoptosis: rs=0.308, p=0.300; performance week 2 divided by performance 
week 1). 
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DISCUSSION
We here demonstrate that a reward positively stimulates the individual performance in 
C57BL/6 mice, but neither the absolute nor the relative increases in performance effect 
or correlate with the number of cells expressing markers for cell proliferation, neuronal 
differentiation or cell death.
Voluntary running enhances cell proliferation and neuronal differentiation
Various studies have shown that voluntary running leads to a substantial increase in cell 
proliferation and neurogenesis in laboratory rodents [13, 14, 16, 37-40]. Our findings are 
consistent with these studies. Running caused a significant increase in cell proliferation 
and neurogenesis. A strong positive correlation between cell proliferation and 
neurogenesis underlines the strong dependence of neurogenesis on cell proliferation in 
the case of exercise. Interestingly the running wheel activity-induced increase in cell 
proliferation was not accompanied by a significant change in the number of pyknotic 
cells. This observation may suggest that the increase of neurogenesis is not only the 
result of a higher proliferation rate but also of an improved survival of cells of neuronal 
lineage. While an running wheel activity-induced increase of neurogenesis through an 
up-regulated cell proliferation has been dissociated from an enhanced survival of young 
neurons due to an enriched environment [15], an increase in proliferation without a 
concomitant increase in cell death has been observed previously [41].
Direct comparisons of quantitative data between our and other studies are difficult, 
because of different staining and counting methods, varying experimental conditions and 
different animal ages. However, the 1.51 fold increase of DCX-positive cells in the non-
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rewarded running group (compared to the non-rewarded controls) of the present study, 
agrees with the 1.77 fold increase of DCX-positive cells after 14-days of running wheel 
activity found by [37]. Compared to other C57Bl/6 mice that lived in similar experimental 
conditions, the average daily performance (20’000 revolutions or 8 km) of our non-
rewarded animals is also very similar to the studies of Adlard [42] and van der Borght 
[40] in which the animals also ran 7.5 to 8 km/day.
Running for a reward
The motivation of C57Bl/6 mice to run for chocolate is likely due to its high content of 
sugar. C57Bl/6 mice have a high sweetener preference compared to other mouse 
strains [43, 44]. The sudden increase in performance during the first day of rewarded 
running indicates that the mice quickly learned to associate running and reward and they 
performed on a high level also during the following days. Hyperactivity due to sugar 
intake as an explanation for a higher activity level of the rewarded runners is unlikely 
given that several human studies did not find correlations between a high sugar intake
and hyperactivity [45, 46]. Also, we observed no overt behavioural differences between 
the groups. That not all chocolate was eaten but cached and that the mice did not gain 
weight during the experiment also argues for a reward-associated enhancement of 
running and against mediation by hyperactivity.
Interestingly, our data show that free access to a running wheel is not motivation enough 
to run on a maximal level. The 78% increase in the individual performance of the 
rewarded runners during the second week of the experiment shows that an ordinary 
C57Bl/6 mouse performs at no more than ~60% of its maximum potential. Several
studies in C57Bl/6 mice have interpreted a continuous increase of performance during 
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the experimental period as an addiction effect, which was also supported by the finding 
that the mesolimbic dopaminergic system reacts similarly to that seen after drug intake 
[21, 47-49]. In our study we observed a 7% increase of running performance within the 
non-rewarded running group which is much less than reported previously. 
Even though a reward strongly affects performance, this effect did not translate into 
changed numbers of dividing cells, newly generated cells of neuronal lineage or 
apoptotic cells in the dentate gyrus. The individual average performance as well as 
individual absolute and relative performance increases did not correlate with cell 
proliferation, neural differentiation or cell death. It may be possible that an increase in 
performance affects the long-term integration of newly formed cells, which was not 
investigated in the present study.
Holmes and colleagues have shown that three hours of voluntary running is needed to 
enhance neurogenesis to a level different from that in control animals. Voluntary running 
for less than three hours did not have an effect [16]. These findings suggest a threshold-
level that the mice need to reach before neurogenesis changes. A possible explanation 
of our findings is that running, beyond a threshold, boosts cell proliferation and 
neurogenesis to a ceiling level, which cannot be further modified. All of our mice 
performed on a relatively high level. Although individual performances for the entire 
period varied by up to 20’000 revolutions, even the animal which performed poorest 
(12’000 revolutions a day), may have surpassed the level necessary for a maximal 
induction. A ceiling level was also observed in mice selected for high levels of wheel 
running [50] while a correlation between neurogenesis and performance was present in 
control outbred Hsd:ICR mice, which typically performed at a much lower level than the 
C57 mice used in this study.
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Alternatively, and considering that physical and psychological stress lead to a decrease 
in hippocampal cell proliferation and neurogenesis [51-53], rewarded running may pose 
a 'stressful' situation, in which running is no more performed on a strictly voluntary basis. 
This would be comparable to the increase in neurogenesis by forced running in a 
treadmill (8m/min for 20 minutes) which, when reaching a certain distance and/or speed 
level, looses its positive effect  (22m/min for 20 minutes) [54]. Notably, the performance 
necessary to increase neurogenesis by forced running appears significantly lower than 
that necessary by voluntary running (no effect of free access for 1 hour). A forced 
performance that no longer influences neurogenesis is still significantly lower than the 
voluntary peak performances which produce or maintain a strong enhancement of 
neurogenesis in this study (non-rewarded runners: 33m/min for 1 hour; rewarded-
runners:  36m/min for 1 hour). Context appears to have a major effect on the influence of 
exercise on neurogenesis. A possible neurogenesis-enhancing effect of the increase in 
performance of the rewarded runners could be balanced by the context of the reward 
and the possible anxiety associated with obtaining it. 
In conclusion, we found that voluntary wheel-running has positive effects on 
neurogenesis through an increased proliferation and an improved survival of cells, but
these effects do not depend on the performance of the mice. Although a reward caused 
a strong increase in performance, there were no related differences in cell proliferation, 
neurogenesis or cell death. In voluntary wheel-running, neurogenesis seems to reach a 
ceiling level. Whether this maximum is reached in a performance dependent gradual 
way or if voluntary wheel-running enhances neurogenesis in an all-or-none fashion 
needs to be further investigated.
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Table 1
Average data of performance and statistical estimations of total cell numbers 
of the four experimental groups
SD=Standard Deviation; * data presented in total revolutions; ** mean values with 
ranges in parentheses; a: significantly different from non-rewarded runners, p < 0.05, 
b: significantly different from control and rewarded control values, p < 0.001
controls
rewarded 
controls
runners
rewarded 
runners
coefficient  
error (CE)
counted 
sections **
sampling 
sites **
total cells 
counted **
Ø running week 1 * 19'259 16'870
SD running w1* 4'523 6'688
Ø running week 2* 20'640 25'711a
SD running w2* 5'284 5'473
standardized running w2* 1.07 1.77a
SD standardized running w2* 0.08 0.91
Ki67 1'677 1'743 2'083b 2'258b 0.054 15.1 (14-17) 388
SD Ki67 457 645 303 604
DCX 18'012 18'986 27'189b 26'949 b 0.086 15.3 (14-18) 225 293
SD DCX 8'112 6'956 9'305 8'038
cell death 257 237 270 255 0.099 8.0 (8-9) 26
SD cell death 45 31 81 70
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Figure 1
(A) Immunohistochemical staining of a proliferating cell with Ki67 antibody. Scale bar: 
10 µm; hi: hilus, gcl: granule cell layer). (B) DCX-positive cells of neuronal lineage; 
counterstaining with haematoxylin; scale bar: 10 µm. (C) The condensed chromatin 
of a Giemsa-stained pyknotic cell (indicated by arrow), forming two distinct nuclear 
bodies. (D-G) Qualitative appearance of Ki67 staining in the four experimental groups 
(non-rewarded control (D), rewarded control (E), non-rewarded runner (F), rewarded 
runner (G)). (H-K) Qualitative appearance of DCX staining (non-rewarded control (H), 
rewarded control (I), non-rewarded runner (J), rewarded runner (K)). Pictures were 
taken from animals closest to the group mean and at similar anatomical positions.
Figure 2
Rewarded animals performed on a significantly higher level than the non-rewarded 
runners during the second week of the experiment. Rewarded animals were able to 
increase their performance by 78% whereas the increase of the non-rewarded mice 
was 7%. Performance data represent total mean values of the second week 
standardized by the mean individual performance of the first week.
Figure 3
Absolute data of the average running performance of the two running groups show 
no difference in the first (non rewarded) week. During the second week of the 
experiment, starting on day 8, the rewarded group performed on a significantly higher 
level than the non-rewarded group. Start of the reward administration is marked with 
an arrow.
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Figure 4
Comparison of groups in the number of Ki67-positive cells (A), DCX-positive cells (B) 
and pyknotic cells (C). Both running groups display significantly more Ki67 (A) - and 
DCX-positive cells (B) than the two control groups. The effect on DCX is stronger 
than that on Ki67. No effect of reward in the running- and control groups of Ki67 (A) 
and DCX (B) are detectable. The number of pyknotic cells shows no group specific 
differences (C).
Figure 5
Positive correlations between the total numbers of Ki67-positive cells and DCX-
positive cells (A), between Ki67-positive cells and pyknotic cells (B) and between 
Ki67-positive cells and pyknotic cells (C).
Figure 6
No correlations between performance and cell proliferation (A), neurogenesis (B) or 
cell death (C) were found. Data points represent total values (estimated cell numbers 
and wheel revolutions in the two weeks of the experiment) of the individual mice.
Circles represent non-rewarded running animals and squares rewarded running 
animals.
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